The standard processing solution in time-lapse analysis to the problem of non-repeatable noise sources, both coherent and random, is to perform the best denoise on all of the vintages independently. For this purpose, 4D QC measures and, of course, inspections of the seismic 4D differences are used to find the optimum parameter solution. This is currently also best practice in the removal of multiple energy, as there are many reasons for multiples to be non-repeatable, in particular changes in the source and receiver locations, changes in the water-layer and variations in the acquisition wavelet. Finding the optimal multiple subtraction operators on each vintage so as to obtain the least leakage of multiple energy on the 4D difference is notoriously difficult. In this paper we introduce a novel inversion scheme which designs shaping operators for the optimum adaptation of the multiple models to the individual vintages whilst simultaneously optimizing the subtractions for minimum leakage on the 4D difference.
Introduction
Wave-equation based multiple attenuation or data-driven surface related multiple elimination methods usually consists of two steps, multiple prediction followed by adaptive subtraction (Wiggins, 1988; Verschuur and Berkhout, 1997) . Both are equally important for producing a satisfactory multiple attenuation result. Model-driven wave equation multiple modelling ideally requires a near surface velocity model with water velocity, water bottom topography, and subsurface velocities. Data-driven surface related multiple prediction ideally requires that the source and receiver are co-located, the source signatures are consistent, and that the near offset traces are not missing (Guangkai et al., 2009 ). Furthermore, variations in the acquisition wavelet, cable feathering, boundary effect, and limited offset range can also introduce time shifts or amplitude artefacts into the predicted multiples. In practice therefore, the predicted multiple traces must be adapted to the data prior to subtraction.
Time lapse seismic adds extra complexity to this problem as we have at least two vintages often with different acquisition configurations, different offset ranges/cable lengths, non-equal source wavelets and streamer feathering, to mention but some of the most important differences. The traditional way of attacking this issue is to design adaptive non-stationary operators to subtract the predicted multiples for each vintage individually. However, this approach neglects the key time lapse product which is, of course, the 4D difference. In reservoir surveillance we deal with three products for a 2 vintage time lapse seismic study and ideally the process of multiple attenuation should be optimum for all of them. Thus, a scheme is required which allows to simultaneously optimize all time-lapse vintages and the 4D differences. The importance of this dilemma increases factorially with more than 2 vintages: For example with 3 vintages we have 6 products (3 vintages and 3 differences) and for 4 vintages we have 10 products (4 vintages and 6 differences). Similar arguments arise in other areas of time lapse processing such as multi-vintage time shift estimation (Zabihi Naeini et al., 2009) There are different ways of designing shaping operators to adaptively subtract the multiples from data: minimizing the error based on L2-norm criteria (least-squares), L1-norm or a mixture of both (Guitton and Verschuur, 2004) , using shaping regularisation to stabilize the filter (Fomel, 2009) or independent component analysis based methods (Lu, 2006) . In this paper we introduce a novel inversion scheme which, independent of the ideal norm, simultaneously designs shaping operators for all vintages as well as optimizing the solution for the 4D differences. This as will be described in the next section, is achieved by adding "4D constraints" to the inversion to minimize the multiple leakage in the 4D difference.
Theory
For adaptive multiple subtraction, a matching filter is estimated to shape the predicted multiples to approximate the true multiples. The L2-norm method is widely used for matching filter; it assumes that the primaries have minimum energy. This approach has some shortcomings as discussed in Guitton and Verschuur (2004) e.g. if the multiples and the primaries are not orthogonal, primaries do not have minimum energy in the L2-norm sense and there are strong primaries in original data that can be seen as an outlier. To tackle these issues, the L1-norm or hybrid norms were introduced that are more robust to outliers (Guitton and Verschuur, 2004) . We choose a generic cost function as min ) (
where m is the multiple convolution matrix, f is the adaptive operator or shaping filter, d is the data and W is the weighting matrix which gives us the flexibility to choose an appropriate norm in an iterative least-square algorithm. Traditionally this cost function is minimized independently for each vintage in time lapse studies and this can often lead to residual multiple leakage in the 4D difference. We introduce a new constrained inversion scheme which minimizes the above cost function for all vintages simultaneously subject to minimal residual multiple leakage in the 4D difference. We make the following ansatz: This novel approach yields an optimized solution for the multiple subtraction in each vintage as well as minimizing the residual multiple in the 4D difference. The second term in our scheme is designed to match the multiple models prior to subtraction. This term should lead to less multiple leakage on the 4D differences; the examples will show that this is indeed what happens.
In practice, multiple subtraction is usually performed pre-imaging after some initial denoising. The choice of domain varies depending on the datasets but common channel domain is widely used to adaptively subtract the multiples from data. Our proposed algorithm on the other hand, needs to have the exact data and multiple model character for all vintages. In time lapse seismic due to different acquisition parameters between different vintages this cannot be achieved easily. For example in the common channel domain base and monitor may have different number of traces due to different number of shots for each vintage and also don't necessarily collocate at the exact same location and accordingly have different raypath in the earth. We therefore propose the application of our new algorithm in the image domain where all primaries and multiples from all vintages correspond to the correct location on the earth and represent the same geology. We also observed that subtraction in the image domain benefits from better parameterization and accurate QC to avoid degrading the true 4D signal.
Real Data Example
We show the application of our proposed algorithm on a time lapse dataset from UKCS with 2 acquisition vintages (however, our algorithm as proposed in (2) is applicable to arbitrary number of vintages). The multiple model was generated for each vintage using surface related multiple elimination (SRME) technique. As a reference, each multiple model was adaptively subtracted from the data pre-imaging as in a traditional standard processing flow. This result was then depth migrated to be comparable to the output from our simultaneous 4D multiple subtraction algorithm in the image domain. Figure 1 compares migrated stack sections of the base and monitor vintages without any demultiple, after standard demultiple pre-imaging and after demultiple post-imaging using our new algorithm. We see that there is a significant improvement in removing residual multiples from the 4D difference using the new algorithm. Base and monitor datasets are cleaner compared to the pre-imaging multiple subtraction ; this is a result of the new algorithm and also its application in the image domain where we are able to better optimize parameters for minimum 4D leakage. Figure 2 shows image gather displays of the same datasets before and after demultiple using the two methods. It is obvious that there is still a significant amount of multiple left in the data after subtraction with the standard method. On the other hand, as shown by arrows, our new simultaneous 4D subtraction algorithm helps to remove the residual multiple and therefore results in a better and cleaner 4D difference.
Conclusions
We propose a new simultaneous 4D multiple subtraction algorithm which optimizes the adaptive operator in such a way that there is minimal residual multiple leakage in the 4D difference sections. We also propose the application of this technique after imaging and we successfully tested these ideas on a UKCS data example. We find significant improvement for the repeatability of the 4D difference section. Our new simultaneous multiple adaption algorithm therefore has significant benefit for time lapse projects. 
